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ABSTRACT
We analyze VLT/X-shooter data for 7 quasars, where we study the relationships be-
tween their broad absorption line (BAL) and emission line outflows. We find: 1) the
luminosity of the [O iii] λ5007 emission profile decreases with increasing electron num-
ber density (ne) derived from the BAL outflow in the same quasar, 2) the measured
velocity widths from the [O iii] emission features and C iv absorption troughs in the
same object are similar, and 3) the mean radial velocity derived from the BAL outflow
is moderately larger than the one from the [O iii] emission outflow. These findings can
be explained by the physical interpretation that the [O iii] and BAL outflow are differ-
ent manifestations of the same wind. When we have outflows with smaller distances to
the central source, their ne is higher. Therefore, the [O iii] emission is collisionally de-
excited and the [O iii] luminosity is then suppressed. Comparisons to previous studies
show that the objects in our sample exhibit broad [O iii] emission features similar to
the ones in extremely red quasars (ERQs). This might imply that BAL quasars and
ERQs have the same geometry of outflows or are at a similar evolutionary stage. We
found that the physical parameters derived from the BAL outflows can explain the
amount of observed [O iii] luminosity, which strengthens our claim of both BAL and
[O iii] outflows are from the same wind. These estimates can be tested with upcoming
James Webb Space Telescope observations.
Key words: galaxies: evolution – galaxies: kinematics and dynamics – quasars: emis-
sion lines – quasars: absorption lines – quasars: general
1 INTRODUCTION
“Quasar-mode feedback” occurs when momentum and en-
ergy from the environment of accreting supermassive black
hole (SMBH) couple to the host galaxy (e.g., Silk & Rees
1998; Ostriker et al. 2010). One mechanism for such a cou-
pling is by high-velocity (up to ∼ 0.2c) quasar-driven ionized
outflows, which propagate into the interstellar medium of
the host galaxy. Given enough energy and momentum, these
outflows are capable of affect their host galaxies. Such quasar
outflows are invoked to explain a variety of observations, e.g,
the chemical enrichment of the intergalactic medium (IGM)
(e.g., Scannapieco & Oh 2004; Moll et al. 2007; Khalatyan
et al. 2008; Baskin & Laor 2012; Taylor & Kobayashi 2015,
2017), the shape of the observed quasar luminosity function
(e.g., Hopkins et al. 2005, 2007, 2010; Han et al. 2012; Singal
et al. 2013; Wada 2015), and the self-regulation of the growth
of the SMBHs (e.g., Silk & Rees 1998; Hopkins et al. 2016;
? E-mail: xinfeng@vt.edu
Ciotti et al. 2017; Angle´s-Alca´zar et al. 2017; Beckmann et
al. 2017). Recent cosmological hydrodynamical simulations
confirm that quasar outflows can remove and prevent new
accretion of cold gas, and therefore, quench star formation
and transform the hosts from blue compact galaxies to red
extended galaxies (Hopkins et al. 2016; Choi et al. 2018).
Considerable observational effort has been directed
through multiple observational techniques for studying dif-
ferent phases of quasar outflows, including molecular out-
flows (e.g., Nesvadba et al. 2010; Rupke & Veilleux 2013;
Sun et al. 2014; Veilleux et al. 2017; Brusa et al. 2018; Bis-
chetti, et al. 2019), [O iii] emission outflows (e.g., Alexander
et al. 2010; Liu et al. 2013a,b; Zakamska et al. 2016; Perrotta
et al. 2019; Temple et al. 2019), ultraviolet (UV) absorption
outflows (e.g., Hall et al. 2002; Arav et al. 2013, 2018; Grier
et al. 2015; Leighly et al. 2018; Hamann et al. 2019; Xu et al.
2018, 2019a), and X-ray emission outflows (e.g., Ogle et al.
2010; Greene et al. 2014; Lansbury et al. 2018; Bianchi et al.
2019). It is currently not known how the different phases of
© 2019 The Authors
ar
X
iv
:1
91
2.
09
86
5v
1 
 [a
str
o-
ph
.G
A]
  2
0 D
ec
 20
19
2 Xu et al.
the outflow are related to each other and which one carries
most of the mass, energy or momentum.
Broad absorption lines (BALs) are observed in ' 20%
of the total quasar population (Hall et al. 2002; Tolea et al.
2002; Reichard et al. 2003; Trump et al. 2006; Ganguly &
Brotherton 2008; Gibson et al. 2009) and are indicative of
ionized quasar outflows (e.g., Arav et al. 1999, 2001; Hall
et al. 2002; Arav et al. 2008; Grier et al. 2015; Leighly et
al. 2018; Hamann et al. 2019). In the rest-frame UV, quasar
absorption outflows show troughs from different ionic tran-
sitions, e.g., Lyα λ1215.67, Nv λλ1238.82, 1242.80, Si iv
λλ1393.75, 1402.77, and C iv λλ1548.19, 1550.77. To quan-
tify the extent that absorption outflows can contribute to
quasar feedback, we need to determine their kinetic lumi-
nosity ( ÛEk). Theoretical models predict that the ratio ofÛEk to the Eddington luminosity of the quasar, i.e., ΓEdd
≡ ÛEk/LEdd, of at least 0.5% (Hopkins et al. 2010) or 5%
(Scannapieco & Oh 2004) is required for strong quasar-mode
feedback effects to the host galaxies. ÛEk and ΓEdd are pro-
portional to the distance (R) of the outflow to the central
source.
There is no consensus about the R values in BAL out-
flows and the resulting estimates of ΓEdd. Accretion disk
wind models predict that some BAL features likely arise
near the nucleus (∼ 0.01 pc, e.g., Murray et al. 1995; Proga
et al. 2000; Proga & Kallman 2004; Higginbottom 2014),
which leads to small ÛEk and ΓEdd. Photoionization analysis
of BAL outflows demonstrates that BAL outflows are sit-
uated at hundreds (e.g., Chamberlain & Arav 2015; Xu et
al. 2018) and even thousands of parsecs (e.g., Borguet et al.
2013) from the source, and that half of the outflows are at R
> 100 pc (Arav et al. 2018; Xu et al. 2019a). Outflows with
significant ÛEk and ΓEdd were also found, i.e., ÛEk up to 5 ×
1046 erg s−1 and ΓEdd up to 20% (Xu et al. 2019b). These
BAL outflows with large R were suggested to be formed
“in situ” by radiative shocks of the interstellar cloud by a
quasar hot wind (e.g., Faucher-Gigue`re & Quataert 2012).
Our group’s recent hydro-dynamical simulations also show
that this “in situ” absorbing clouds can reproduce the ob-
served BAL quasar outflows properties (e.g., Zeilig-Hess et
al. 2019).
Another commonly used tracer of ionized quasar out-
flows is forbidden-line emission features, e.g., from [N ii]
λλ6549.86, 6585.27, and [O iii] λλ4958.91, 5006.84. Since
these features are suppressed by collisions at high density,
low gas densities (n . 7 × 105 cm−3) are needed for gener-
ating forbidden lines (Baskin & Laor 2005). Integral Field
Unit (IFU) observations (e.g., Liu et al. 2013a,b) show that
forbidden-line emission features arise from distances of 0 –
∼ 30 kpc from the quasar. But the structure of outflows on
< 3 kpc scales is not well-known since it is the resolution
limit of ground-based observations (Liu et al. 2013a).
Various studies show that a strong asymmetry in
forbidden-line emission features, especially blue-shifts, is ev-
idence of high-velocity extended outflows (e.g., Zakamska &
Greene 2014; Brusa et al. 2015; Perrotta et al. 2019; Perna et
al. 2019). This kinematic evidence for outflows is seen in [Ne
III] and [Ne V] in ultraluminous infrared galaxies (Spoon &
Holt 2009), in [O iii] from optically selected AGNs and X-
ray obscured red quasars (Mullaney et al. 2013; Brusa et
al. 2015, respectively), and in [O iii] from type 2 quasars or
Table 1. VLT/X-Shooter Observation Details
Objecta (SDSS) Ref.b zc rd BALe Exp. f
J0046+0104 1 2.149 18.04 B 10.8
J0825+0740 1 2.204 17.89 M 18.0
J0831+0354 2 2.076 18.27 B 10.8
J0941+1331 1 2.021 18.15 B 10.8
J1111+1437 3 2.132 18.03 M 10.8
J1135+1615 1 2.004 18.36 B 7.2
J1512+1119 4 2.109 17.65 B 8.4
Note. –
(a) Objects right ascension and declination.
(b) Analysis of absorption outflows for these objects
are reported in: 1: Xu et al. (2019a); 2: Chamberlain
et al. (2015); 3: Xu et al. (2018); 4: Borguet et al.
(2012b).
(c) Redshifts for the quasars obtained from matching
the Mg ii λ2800 emission lines (Hewett & Wild 2010;
Shen 2016).
(d) r-band magnitude obtained through PSF fitting.
(e) B for BAL and M for mini-BAL.
(f) Total exposure time in kilo-seconds.
Extremely Red Quasars (ERQs) (Zakamska & Greene 2014;
Zakamska et al. 2016; Perrotta et al. 2019).
Since both BAL features and the forbidden-lines trace
ionized gas, a direct comparison between these two diag-
nostics is important for understanding the relationships be-
tween different phases of the outflow. Studies of both ab-
sorption and forbidden-line emission features over a quasar
sample do not exist in the literature. This is mainly due to
the difficulty of obtaining high-quality data covering both
the rest-frame regions of 1000 – 2000 A˚ and 4000 – 7000 A˚
in the same object. Analyses of absorption and forbidden-
line emission features in a single object are also rare [only
one IFU-related study in Liu, Arav & Rupke (2015) and
spectra-related study in Tian et al. (2019)]. They show that
the distances and kinematics revealed by the [O iii] emis-
sion features are roughly consistent with UV absorption-line
analyses in the same quasar.
In this paper, we analyze high-quality observations of
quasar outflows seen in both absorption and forbidden-line
emission features in the same object. The sample comes
from Very Large Telescope (VLT)/X-Shooter observations
(see description of X-Shooter in section 2) of 7 BAL/mini-
BAL quasars at redshift z ∼ 2, for which the absorption
outflow’s distance (R) from the central source is measured
(Borguet et al. 2012b; Chamberlain et al. 2015; Xu et al.
2018, 2019a). As described in section 2, due to the wide
spectral coverage (3000 – 25,000 A˚) of VLT/X-Shooter, we
also observed forbidden-line emission features from [O iii]
λλ4959, 5007. Here we focus on modeling and analyzing the
observed [O iii] emission features in these quasars, as well as
exploring the relationships between absorption outflows and
forbidden-line emission outflows.
The structure of the paper is as follows. In Section 2,
we present the observations and data reduction. In Section
3, we use multiple methods to analyze the kinematics of
forbidden-line emission features from [O iii]. We show the
relationships between the observed absorption outflows and
the forbidden-line emission outflows in Section 4. In Section
MNRAS 000, 1–15 (2019)
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5, we propose possible geometry for observing both BAL
and emission outflows in the same quasar. We also compare
our results to previous studies and estimate the [O iii] emis-
sion region’s size and global covering factor in Section 5. We
summarize the paper in section 6.
We adopt a cosmology with H0 = 69.6 km s
−1 Mpc−1,
Ωm = 0.286, and ΩΛ = 0.714, and we use Ned Wright’s
Javascript Cosmology Calculator website (Wright 2006). We
use air wavelengths for emission line identifications in the
text, e.g., [O iii] λλ4958.91, 5006.84 (hereafter, [O iii] λ4959
and [O iii] λ5007). However, since the spectra from VLT are
calibrated for vacuum wavelengths, we use vacuum wave-
lengths for emission lines in all calculations, e.g., [O iii]
λλ4960.29, 5008.24.
2 OBSERVATIONS AND DATA REDUCTION
We carried out several VLT/X-shooter programs (PI: Benn)
for quasars with z between ∼ 2 – 2.6. The details of the
observations that we analyze here are shown in table 1.
These objects are selected from Sloan Digital Sky Survey
(SDSS)/BOSS by two criteria (Xu et al. 2019a): 1) r band
magnitude . 18.8, and 2) deep Si iv λλ1393.76, 1402.77
troughs. The latter criterion ensures a higher probability
of detecting the S iv λ1062.66 trough in VLT/X-Shooter
spectra, where the depth ratio between S iv λ1062.66 and
S iv* λ1072.97 troughs is related to R (see section 4.1). SDSS
covers the wavelength range between 3800 A˚ and 10400 A˚,
while BOSS covers 3650 A˚ to 10400 A˚. For objects with red-
shifts < 2.6, the S iv* and S iv troughs are not detectable
in SDSS/BOSS spectral range. Therefore, choosing quasars
from SDSS and BOSS with z < 2.6 guarantees that we would
not have a bias toward specific depth ratios of the S iv* and
S iv troughs, which creates a bias for certain R values. There-
fore, we call this survey a “Blind Survey”, where a priori we
had no information on the S iv absorption. We select objects
with redshift > 2 such that the absorption troughs from S iv
and S iv* are covered by VLT/X-Shooter.
X-Shooter is a second-generation instrument on VLT. It
is a medium resolution (R ∼ 6000 – 9000) spectrograph with
a wide spectral coverage (3000 – 25,000 A˚), which observes
both the absorption-line and emission-line outflow diagnos-
tics. Here we concentrate on objects that show S iv outflow
troughs (7 out of 14 quasars). For these outflows, we have
already determined their total column density (NH), electron
number density (ne), distance from the central source (R),
and kinetic luminosity ( ÛEk) (Borguet et al. 2012b; Cham-
berlain et al. 2015; Xu et al. 2018, and see the table 3 of Xu
et al. (2019a) for a summary). We describe the extraction
methods of these parameters in section 4.1.
We reduced the data following the same method de-
scribed in Xu et al. (2018). The redshifts for these quasars
are obtained from matching the Mg ii λ2800 emission lines
(e.g., Hewett & Wild 2010). Shen (2016) showed that Mg ii
has a mean offset of only ∼ 100 km s−1 from narrow [O iii]
lines. Therefore, Mg ii λ2800 is also a good redshift indicator
for the [O iii] region. In figure 1, we show the comparisons
of the absorption troughs from Si iv to the forbidden-line
emission region from [O iii] for each object. The continuum
is modeled by a single power law, and we fit the Si iv emis-
sion lines with 2 – 3 Gaussian profiles. For each object, the
red line represents the modeled continuum + Si iv emission
features. The Hβ and [O iii] emission profiles carry the emis-
sion outflow signatures and we show their analysis in section
3. The velocity centroids of the absorption outflows are de-
termined by the deepest point in the absorption feature of
the observed Si ivλλ1393.76, 1402.77 troughs, which is asso-
ciated with the S iv λ1062.66 trough (see figure 2 in Xu et
al. 2019a).
As shown in table 2 of Xu et al. (2019a), based on the
C iv absorption troughs widths, 5 out of the 7 objects are
classified as BAL quasars (Weymann et al. 1991). The other
two objects are classified as mini-BALs (e.g., Churchill et al.
1999), but their C iv widths are close to the BAL definitions.
For convenience, we refer this sample as “BAL” throughout
the remainder of this paper.
3 SPECTRAL ANALYSIS
To measure the kinematics of the [O iii] emission features in
our objects, we begin by quantifying the possible contam-
inations from Fe ii emission in section 3.1. In section 3.2,
we show the Gaussian fitting procedure to the Hβ + [O iii]
region and [O iii] measurements. Finally in section 3.3, we
show the non-parametric fittings to the [O iii] emission fea-
tures.
3.1 Fe ii Emission Templates
Optical Fe ii emission lines (4400 – 5500 A˚) arise from nu-
merous transitions of the complex Fe+ ion, and can pos-
sibly contaminate the [O iii] λλ4959, 5007 emission region.
The origin of Fe ii lines, mechanisms of their excitation, and
wavelengths of the transitions in quasars are still open ques-
tions (e.g., Baldwin et al. 2004; Bruhweiler & Verner 2008).
There are various studies which created Fe ii templates from
different prospectives: 1) observational studies of Fe ii-rich
quasar spectra, especially I Zw 1 (PG 0050+124, e.g., Boro-
son & Green 1992; Ve´ron-Cetty et al. 2004); 2) theoretical
calculation of the emission lines by including a large number
of Fe ii atomic levels, e.g., Verner et al. (1999); Bruhweiler
& Verner (2008), who reported 371 and 830 energy levels of
Fe ii, up to 11.6 eV and 14.06 eV, respectively.
To quantify and remove the contribution from possible
Fe ii emission lines, we follow the Fe ii template method re-
ported in Kovacˇevic´ et al. (2010), where they combine the
observational Fe ii with the atomic data. They divided the
clearly identified Fe ii emission lines into three groups based
on their lower energy levels, e.g., transitions from the lower
energy levels of 4F, 4S, and 4G belong to F, S, and G group,
respectively. All other lines, whose origins are not well known
but have been observed in I Zw 1, belong to the Z group
(Kovacˇevic´ et al. 2010).
We adopt the same four-group Fe ii template as follows.
The template has 7 fitting parameters, and we fit the ob-
served Fe ii emission features with Gaussian profiles. The
first two parameters are the velocity centroids and widths,
which are shared by all the groups. The next four param-
eters are the relative intensities for each transition within
the F, S, G, and Z group. For transitions in Z group, their
relative intensities are obtained from I Zw 1. The seventh
MNRAS 000, 1–15 (2019)
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Figure 1. Comparisons between the observed Si iv absorption outflow regions (Left) and the Hβ + [O iii] forbidden-line emission outflow
regions (Right). Each row shows a single object. All 7 objects have significant Si iv absorption outflows, and at least 6 of them have
significant [O iii] emission outflows. We mark the regions which are contaminated by atmospheric water absorption features in gray
shades. SDSS J1135+1615 has instrumental artifacts near 4950 A˚ and 5010 A˚ rest-frame region. The blue and red dashed lines in the left
panel show the absorption troughs’ velocity centroids for the Si iv absorption outflows, for which R is determined (see section 4.1). The
orange, green, and blue dashed lines in the right panel show the expected location of Hβ, [O iii] λ4960.29, and λ5008.24 in the quasar’s
rest-frame, respectively.
parameter is the excitation temperature used in calculating
the relative intensities (Kovacˇevic´ et al. 2010).
By assuming T = 15,000 K (Kovacˇevic´ et al. 2010) and
adopting the relative intensity values from their tables 1 and
2, we show examples of the best fitting Fe ii models to the
Hβ + [O iii] region in the panel (a) of figure 2 (the other
objects have similar spectra and are shown in Appendix A).
The data are shown in gray while the four different Fe ii
groups are shown as the solid lines with different colors.
The overall Fe ii models are in solid red lines. Two strong
Fe ii emission lines of the S group, Fe ii λ4923.93 and Fe ii
λ5018.44, are within the Hβ + [O iii] region from 15,000 A˚ to
16,000 A˚ (observed-frame). Their intensities are constrained
by fittings other S group lines (in orange solid lines), e.g.,
Fe ii λ5169.33 at ∼ 16,250 A˚ in the observed-frame.
3.2 [O iii] Kinematics
3.2.1 Gaussian Fitting to the [O iii] Emission Features
After quantifying the contributions from the Fe ii emission
lines, we subtract them as well as the continuum flux from
the spectra. Then we measure the [O iii] kinematics adopt-
ing the Gaussian fitting procedure of Zakamska et al. (2016).
There are atmospheric absorption features in the . 15,000 A˚
observed-frame region (marked by the gray shades in fig-
ure 1). They affect mainly the broad Hβ emission features,
and for two of our objects (SDSS J0941+1331 and SDSS
J1135+1615), they affect the [O iii] emission region as well.
The derived physical parameters for these two objects have
large error bars which account for these contaminations.
We use 2 or 3 Gaussian profiles to fit the observed Hβ,
[O iii] λ4959, and [O iii] λ5007 emission features. A reduced
chi-square (χ2
red
) value is calculated between the data and
the fitted Gaussian profiles. If adding the third Gaussian
component leads to a decrease of χ2
red
by > 10%, we accept
the fit with a 3-Gaussian profile. Otherwise, a 2-Gaussian
MNRAS 000, 1–15 (2019)
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(a) (b)
(c) (d)
Figure 2. [O iii] analyses for quasar SDSS J0046+0104.
Panel (a): The best fitting Fe ii template. Fe ii emission profiles are divided into four groups, and are plotted in different colors (see
section 3.1 for details). The continuum level is the same as the one in figure 1 and is shown as the black solid line. The overall Fe ii
model created by summing all four groups is shown as the solid red line. The blue dotted lines (left to right) indicate the expected
wavelength locations of Hβ, [O iii] λ4959, and [O iii] λ5007 in the quasar’s rest-frame, respectively. Atmospheric absorption features exist
at . 15,000 A˚ in the observed-frame.
Panel (b): The fits to the Hβ + [O iii] emission lines region, where we have already subtracted the continuum (figure 1) and the fitted
Fe ii emission features (panel (a)). We use 2 or 3 Gaussian profiles to fit the Hβ and [O iii] emission profiles. The Gaussian models for
Hβ, [O iii] λ4959, [O iii] λ5007 are shown in orange, green, and blue dashed lines, respectively. The overall model created by summing
up all Gaussian profiles is shown as the solid red line. We mark the expected wavelength locations of Hβ, [O iii] λ4959, and [O iii] λ5007
in the quasar rest-frame in orange, green, and blue dotted lines, respectively. The fitting range is within the two gray dashed lines. The
reduced χ2 value of the fitting to the data is shown at the top-left corner. See detailed descriptions in section 3.2.
Panel (c): The synthetic profile of the [O iii] λ5007 emission (in black, obtained in section 3.2) relative to quasar’s rest-frame velocity.
The dotted purple lines represent the v05, v10, v90, and v95 (from left to right), while the solid purple line is the median velocity of the
profile, i.e., v50. The gray slanted region marks the part of the profile containing 90% of the [O iii] λ5007 emission line power, i.e., w90.
Panel (d): The non-parametric fits to the [O iii] emission region (black line), where we have already subtracted the continuum (figure
1), the fitted Fe ii emission feature (panel (a)), and the modeled Hβ emission feature (pabel (b)). We show the best non-parametric fits
where the green and blue curves are the models for the [O iii] λ4959 and [O iii] λ5007, respectively. These models are consistent with the
parametric models in Panel (b). The overall model by summing [O iii] λ4959 and [O iii] λ5007 emission are plotted in red between 4920
– 4980 A˚ rest-frame. We mark the fitting range with dashed gray lines. See section 3.3 for discussion.
profile is adopted. We assume that [O iii] λ4959 and [O iii]
λ5007 have the same kinematics, i.e., the same velocity cen-
troids and widths for their Gaussian profiles. The intensity
ratio between [O iii] λ4959 and [O iii] λ5007 is fixed at 1:2.99,
respectively (Osterbrock 1981). We then explore the two
different fitting scenarios to the Hβ emission features: 1) a
“kinematically tied” model, which assumes that the Hβ has
the same kinematics as the [O iii] doublet; 2) a “kinemati-
cally untied”model, where Hβ can have a different kinematic
structure than the [O iii] doublet. We find that all of our ob-
jects favor the latter scenario, since in most cases, the Hβ
emission features are less blue-shifted than the [O iii] emis-
sion features.
We show the fitting result for quasar SDSS J0046+0104
in the panel (b) of figure 2 (fits for the remaining objects
are shown in Appendix A). Individual Gaussian profiles are
MNRAS 000, 1–15 (2019)
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shown as the color dashed lines, while the combinations of
them for each line are shown as solid colored lines. The over-
all model created by summing up all Gaussian profiles is
shown as the solid red line. The 1σ uncertainties of the pa-
rameters are computed from the covariance matrix in the
fitting process. The fitted parameters with their correspond-
ing errors are shown in part (b) of table 2. All objects except
SDSS J1512+1119 show wide and blue-shifted asymmetric
[O iii] emission features.
3.2.2 [O iii] Measurements
From the [O iii] emission fits in section 3.2.1, we measure the
line properties by calculating the accumulated line flux at
each velocity (Whittle 1985). The cumulative [O iii] λ5007
flux as a function of velocity is:
Φ(v) =
∫ v
−∞
F(v′)dv′ (1)
where we use the fitted [O iii] profile from section 3.2.1 as
F(v′). These profiles are shown as the solid black lines in
the panel (c) of figure 2. Adopting other fitting functions or
adding more Gaussian components has minimal effects on
the derived [O iii] profile and measurements (see discussion
in section 2.3 of Zakamska & Greene 2014, and section 3.3
below).
From equation 1, the total [O iii] line flux is given by
Φ(∞), and va represents the velocity when Φ(va) = a100×Φ(∞) (0% < a < 100%). As an example shown in the panel
(c) of figure 2, we plot the locations of v05, v10, v50, v90, and
v95 as purple lines from left to right, respectively (with re-
maining objects in Appendix A). The median velocity (vmed
≡ v50) for the seven objects in our sample is in a range be-
tween -2000 and -210 km s−1 (see table 2). Therefore, the
observed [O iii] emission features are strongly blueshifted rel-
ative to the Hβ emission line centroids. The velocity widths
of [O iii] λ5007 are given by w90 ≡ v95− v05, and is in a range
between 2800 and 5200 km s−1. Such [O iii] emission feature
widths are similar to that of the ERQs reported in Zakamska
& Greene (2014) and Perrotta et al. (2019) (see discussion
in section 5.1). w90 is the velocity width of the emission
between v05 and v95, and is shown as the gray regions in
the panel (c) of figure 2. To quantify the line symmetry of
the emission features, an asymmetry parameter is defined as
(e.g., Whittle 1985; Liu et al. 2013b):
A =
(v90 − vmed) − (vmed − v10)
w80
(2)
For all 7 objects in the sample, we get A ranging between
–0.54 and 0.12. The negative A parameter indicates a blue-
shifted emission profile. We summarize the derived parame-
ters for all 7 objects in part (c) of table 2. To estimate the
errors on A, we assume the best fitting Gaussian parame-
ters from section 3.2 are uncorrelated. Then we vary each
Gaussian parameter in a range of ± 1σ and calculate the re-
sulting changes in A. We adopt the resulting maximum and
minimum values of A as its upper and lower limit, respec-
tively. Similarly, we estimate the errors for the other derived
parameters, including vmed, w80, and w90.
3.3 Non-parametric Fittings to the [O iii]
Emission Features
In section 3.2, we fit the [O iii] emission features with 2 –
3 Gaussian profiles, but in principle, other fitting functions
(e.g., Lorentzian profiles) could be used. Moreover, there
is no particular physical interpretation to the parameters
of each Gaussian component. Villforth et al. (2018) intro-
duced a non-parametric fitting approach, which adopts the
observed emission profile as a free function to fit the [O iii]
region. This method does not assume the [O iii] emission’s
shape and instead takes as input only the observed spec-
tral shape of [O iii], the emission line strength ratio (1:2.99
between [O iii] λ4959 and λ5007) and the wavelength differ-
ence between [O iii] λ4959 and [O iii] λ5007. The fitting is
performed by decomposing the [O iii] emission profiles into
two tightly related functions for [O iii] λ4959 and λ5007. One
is for the [O iii] λ5007 emission, and the other is for the [O iii]
λ4959 emission shifted by ∼ 48 A˚ and multiplied by 1/2.99
from the [O iii] λ5007 function (see equations (1) and (2) in
Villforth et al. 2018).
We adopt the same approach to fit the [O iii] emission
profiles for each object in our sample. We show the best
fitting results for quasar SDSS J0046+0104 in the panel
(d) of figure 2. The [O iii] λ5007 profile obtained from the
non-parametric approach (blue lines) is consistent with
the one from the Gaussian fitting approach (solid blue
lines in panel (b)). In order to compare the derived [O iii]
measurements between these two approaches, we again
measure the [O iii] properties, including vmed, w80, w90,
and A. The derived values are shown in part (c) of table 2.
These two different fitting approaches give consistent [O iii]
measurements within error bars for most of the objects.
Hereafter, we adopt the derived [O iii] measurements based
on the Gaussian-fitted [O iii] profiles since most previous
studies in the literature adopted the same methodology.
4 RELATIONSHIPS BETWEEN THE BAL
OUTFLOWS AND [O iii] EMISSION
OUTFLOWS
In our sample, all seven objects present BAL troughs from
various doublet transitions, e.g., C iv λλ1548.19, 1550.77,
Nv λλ1238.82, 1242.80, Ovi λλ1031.93, 1037.62, Si iv
λλ1393.75, 1402.77, and S iv λ1062.66 (Borguet et al.
2012b; Chamberlain et al. 2015; Xu et al. 2018, 2019a). We
also observe [O iii] emission in all objects (see section 3). To
explore the relationships between these two types of outflow
features, we first introduce how we measure the physical
properties of BAL outflows in section 4.1. Then we present
the relationship between ne (and R) derived from the BAL
outflows and the luminosity of the [O iii] emission features in
section 4.2. Following that, we compare the velocity widths
between the BAL and emission outflows in section 4.3,
and we calculate and compare the average radial velocity
of the two outflows in section 4.4. The unique patterns
and notes on individual object are discussed in section
4.5. Finally, we summarize these relationships in section 4.6.
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Table 2. Physical Properties of the BAL Outflows and [O iii] Emission Outflows
Object name J0046+0104 J0825+0740 J0831+0354 J0941+1331 J1111+1437 J1135+1615 J1512+11191
(a) BAL Outflow Parameters:
v, km s−1 -1730 +395 -10800 -3180 -1860 -7250 -1850
C iv Abs. width, km s−1 3670+40−40 2430
+40
−40 4970
+40
−220 7980
+60
−60 1770
+40
−40 9500
+100
−40 2190
+40
−40
log(ne), cm−3 3.8+0.1−0.1 3.2
+0.2
−0.2 4.4
+0.3
−0.2 4.0
+0.1
−0.1 3.6
+0.1
−0.1 >5.4−0.3 5.4
+2.7
−0.6
log(UH), cm
−2 -1.4+0.2−0.2 -2.1
+0.4
−0.3 -0.3
+0.5
−0.5 -0.4
+0.2
−0.2 -1.2
+0.2
−0.2 -0.1
+0.2
−0.2 -0.9
+0.1
−0.1
log(NH), cm
−2 21.2+0.2−0.2 20.4
+0.6
−0.4 22.5
+0.5
−0.4 22.3
+0.2
−0.2 21.5
+0.2
−0.3 22.6
+0.2
−0.2 21.9
+0.1
−0.1
Rdistance[BAL], pc 1200
+250
−450 3900
+1100
−2800 110
+30
−25 200
+40
−60 880
+210
−260 <40
+10
−40 10 – 300ÛM [BAL], M yr−1 37+4−3 4.6+4.0−1.7 410+530−220 120+14−13 55+10−11 <150+10−30 1 – 55
log( ÛEk [BAL] in erg s−1) 43.5+0.1−0.1 41.3+0.27−0.20 46.2+0.4−0.3 44.6+0.04−0.05 43.8+0.07−0.1 <45.4+0.03−0.1 43+0.8−0.9
(b) Hβ + [O iii] Gaussian fitting results:
For Hβ emission line:
vc1, km s
−1 -150+10−10 450
+60
−60 420
+100
−100 0
+970
−970 240
+20
−20 5
+70
−70 -210
+40
−40
σc1, km s
−1 960+8−8 1200
+50
−50 350
+140
−149 1000
+3000
−3000 970
+40
−40 820
+60
−60 3600
+50
−50
vc2, km s
−1 -490+40−40 -1300
+60
−60 570
+109
−109 20
+310
−310 1000
+120
−120 4
+420
−420 -610
+10
−10
σc2, km s
−1 3500+50−50 2600
+70
−70 1760
+169
−169 2900
+1380
−1380 3700
+160
−160 4400
+2000
−2000 250
+10
−10
For [O iii] emission lines:
vc1, km s
−1 -430+9−9 -7
+10
−10 130
+90
−90 310
+20
−20 130
+20
−20 -850
+250
−250 -360
+50
−50
σc1, km s
−1 200+10−10 150
+20
−20 310
+50
−50 150
+10
−10 210
+30
−30 1300
+410
−410 1700
+60
−60
vc2, km s
−1 -700+30−30 -420
+80
−80 -750
+70
−70 -80
+90
−90 -330
+200
−200 -1200
+250
−250 -630
+1
−1
σc2, km s
−1 880+30−30 330
+60
−60 1100
+60
−60 570
+100
−100 380
+110
−110 350
+330
−330 190
+3
−3
vc3, km s
−1 -3000+110−110 -2900
+60
−60 -3500
+120
−120 -2300
+620
−620 -1200
+270
−270 -2400
+1000
−1000 -670
+3
−3
σc3, km s
−1 990+120−120 1500
+80
−80 1100
+110
−110 1300
+900
−900 1100
+170
−170 600
+640
−640 380
+10
−10
(c) [O iii] measurements:
From Gaussian-fitted [O iii] profiles:
vmed, km s
−1 -770+40−40 -2000
+140
−140 -1400
+290
−290 -310
+470
−470 -210
+120
−160 -1000
+360
−310 -600
+20
−20
w80, km s
−1 3200+120−120 4500
+120
−80 4500
+410
−410 3600
+570
−2380 2100
+250
−230 3300
+1500
−1600 1500
+20
−40
w90, km s
−1 4200+80−101 5200
+140
−140 5300
+410
−410 4400
+1060
−2900 2800
+230
−230 4200
+2100
−1900 2900
+80
−80
A -0.40+0.02−0.01 -0.11
+0.05
−0.05 -0.18
+0.1
−0.1 -0.54
+0.3
−0.1 -0.48
+0.1
−0.1 0.04
+0.2
−0.2 0.12
+0.04
−0.01
From non-parametric-fitted [O iii] profiles:
vmed, km s
−1 -730+10−10 -1490
+10
−10 -1370
+10
−10 -210
+40
−40 -720
+10
−10 -1460
+50
−50 -540
+7
−7
w80, km s
−1 3400+10−10 4800
+20
−20 4500
+10
−10 3400
+40
−40 1900
+10
−10 3600
+40
−40 1400
+10
−10
w90, km s
−1 4500+10−10 5300
+20
−20 5300
+10
−10 4000
+40
−40 2500
+20
−20 4800
+40
−40 2700
+10
−10
A -0.43+0.01−0.01 -0.11
+0.01
−0.01 -0.19
+0.01
−0.01 -0.56
+0.02
−0.02 -0.45
+0.01
−0.01 0.05
+0.10
−0.10 0.10
+0.01
−0.01
(d) Luminosities and Energetics
log(Lbol in erg s
−1) 47.1+0.03−0.04 46.8
+0.07
−0.08 47.00
+0.04
−0.01 46.8
+0.02
−0.06 46.9
+0.02
−0.10 47.2
+0.02
−0.03 47.6
+0.01
−0.03
log(L[O iii] in erg s−1) 43.9+0.02−0.02 43.8
+0.02
−0.02 43.70
+0.01
−0.01 43.2
+0.2
−0.4 43.7
+0.09
−0.11 43.3
+0.1
−0.4 44.3
+0.01
−0.01
log(L[Hβ] in erg s−1) 44.7+0.01−0.01 44.3
+0.01
−0.01 43.70
+0.04
−0.02 43.90
+0.2
−0.2 44.4
+0.02
−0.02 44.0
+0.1
−0.3 44.7
+0.01
−0.01
log(νLν [1450 A˚] in erg s
−1) 46.0+0.03−0.05 45.6
+0.05
−0.04 45.70
+0.04
−0.04 45.7
+0.02
−0.02 45.7
+0.04
−0.08 46.0
+0.01
−0.02 46.0
+0.04
−0.07
Rsize[O iii], pc 520
+10
−30 1600
+100
−100 55
+2
−3 100
+2
−2 400
+20
−20 19
+0.4
−0.4 50
+2
−2
Table 2.
(a) The detemined physical parameters for the observed BAL outflow are reported in Borguet et al. (2012b); Chamberlain et al. (2015);
Xu et al. (2018), and Xu et al. (2019a). See a summary in table 4 of in Xu et al. (2019a).
(b) Fitting results for the Hβ + [O iii] region. All velocity centroids (vc) and widths (σc) are relative to the quasar’s rest-frame. The
errors represent the 1σ uncertainties of the fitting, which are computed from the covariance matrix in the fitting processes (see section
3.2 for details).
(c) The [O iii] measurements and their corresponding errors of the observed [O iii] features from two different approaches, i.e., Gaussian
fitting approach (section 3.2) and non-parametric fitting approach (section 3.3).
(d) The luminosities and energetics of the [O iii] outflows where more details are in section 5.
1 We show here the outflow system 2 of SDSS J1512+1119 (Borguet et al. 2012b).
Notes of Abbreviations:
(a): ne: electron number density, UH: ionization parameter, NH: total hydrogen column density, Rdistance[BAL]: derived distance of the
BAL outflow to the central AGN, ÛM : outflow’s mass flow rate, ÛEk : kinetic luminosity of the outflow.
(b): vc1 – vc3: velocity centroids of different Gaussian components, σc1 – σc3: velocity widths of different Gaussian components
(section 3.2).
(c): vmed, w80, w90, and A are defined in section 3.2.2.
(d): Lbol: bolometric luminosity of the quasar, L[O iii]: observed [O iii] luminosity, L[Hβ]: observed Hβ luminosity, νLν [1450 A˚]:
observed continuum luminosity at 1450 A˚ rest-frame, Rsize: size of the total illuminating area of the [O iii] emission region (section 5.3).
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4.1 Measuring the Physical Properties of BAL
Outflows
Here we give a brief description for the methods we used
to extract the physical properties of the BAL outflows in
our sample. Full discussion can be found in Borguet et al.
(2012b); Chamberlain et al. (2015); Xu et al. (2018, 2019a).
1. We begin with measuring the ionic column densi-
ties from the observed absorption troughs (section 4.2 of
Xu et al. 2019a), where we used the apparent optical depth
(AOD), partial-covering, and power-law absorption models
(e.g., Arav et al. 2005).
2. Ionization equilibrium in an AGN outflow is domi-
nated by photoionization (e.g., Arav et al. 2001), which de-
pends on the ionization parameter (UH):
UH =
QH
4piR2nHc
(3)
where QH is the source emission rate of hydrogen ionizing
photons (obtained by integrating the specific flux, Fν , for
energies above 1 Ryd), R is the distance of the outflow from
the central source, nH is the hydrogen number density (for
a highly ionized plasma, nH ' 0.8 ne), and c is the speed of
light. In order to derive R, we need determinations of UH
and ne.
3. To determine UH, we perform photoionization anal-
ysis by running the spectral synthesis code Cloudy [version
c17.00, Ferland et al. (2017)] to generate a grid of photoion-
ization simulations. We compare the model predictions and
measured column densities in the phase space of UH and
total hydrogen column density, NH. The best-fitting pho-
toionization solution (i.e., UH and NH) for the outflow is
found through χ2-minimization of the difference between
the model-predicted and the measured column densities (see
figure 4 in Xu et al. 2019a).
4. Since the S iv* energy level is populated by collisional
excitations from free electrons, the ratio between the column
densities of S iv* λ1072.97 and S iv λ1062.66 can be used as
a diagnostic for ne. We measure the column densities for
the absorption troughs of these two transitions and com-
pare with the theoretical predictions from CHIANTI (ver-
sion 7.1.3, Landi et al. 2013). The determined ne for all 7
objects in our sample are given in table 2 here.
5. With the knowledge of UH and ne, we can solve for
R using equation (3). The derived R values for the BAL
outflows are summarized in table 4 of Xu et al. (2019a).
6. Assuming the outflow is in the form of a thin shell
(Borguet et al. 2012a), the mass flow rate ( ÛM) and kinetic
luminosity ( ÛEk) of the observed BAL outflows in our sample
are calculated by:
ÛM ' 4piΩRNHµmpv (4)
ÛEk '
1
2
ÛMv2 (5)
where µ = 1.4 is the mean atomic mass per hydrogen atom,
mp is the proton mass, v is the velocity of the BAL outflow,
and Ω = 0.08 is the global covering factor for BAL outflows
which exhibit S iv and S iv* absorption troughs (see discus-
sion in section 5.2 in Borguet et al. 2013). The derived phys-
ical properties for the BAL outflows in our sample are shown
Figure 3. Top: [O iii] luminosity normalized by the quasar’s
bolometric luminosity (L[OIII]/Lbol) versus the electron number
density (ne) derived for the BAL outflows. The values and corre-
sponding errors are shown and color coded for different objects.
The Pearson correlation coefficient (PCC) between the x- and
y-values is shown at the bottom-right corner, where 1 is total
positive linear correlation, 0 is no linear correlation, and –1 is to-
tal negative linear correlation. Bottom: L[OIII]/Lbol versus the
reported BAL outflow distance (R) (the values and the corre-
sponding errors are given in table 2 and references therein). The
C iv outflow in quasar SDSS J1135+1615 has a lower limit on ne,
and therefore an upper limit on R. We show these limits as orange
arrows.
in part (a) of table 2 (Borguet et al. 2012b; Chamberlain et
al. 2015; Xu et al. 2018, 2019a).
4.2 Density/Distance of BAL outflows and [O iii]
Luminosity
As stated in section 1, low gas densities (n . 7 × 105 cm−3)
are needed for generating [O iii] emission features (Baskin &
Laor 2005). From IFU observations, the surface brightness
of [O iii] emission peaks in the central regions of quasars and
declines, but can be detected out to many kilo-parsecs from
the center (e.g., Liu et al. 2013a,b; Harrison et al. 2014).
The BAL density and distance information allows us to test
the physical similarity between the emission and absorption
outflows detected in the same quasar.
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Figure 4. Top: Comparison between w90 from [O iii] emission
features and the C iv absorption trough widths in our sample.
The values and corresponding errors are shown and color coded
for different objects (same as figure 3). See discussion in section
4.3. Bottom: Comparison of the mean radial velocity between
the [O iii] emission (v1,r) and C iv absorption (v2,r) outflows in our
sample. See section 4.4 for details. In both panels, the red lines
have slopes as unity and the color patterns are the same as figure
3. For each panel, the p value from the KolmogorovaˆA˘S¸Smirnov
(Pks) test between the x- and y-axis quantities is shown at the
bottom-right corner. A large Pks value means that the x- and
y-axis quantities are consistent with being drawn from the same
distribution.
We observed strong blue asymmetries in most of the
measured [O iii] λ5007 profiles, which suggest that the [O iii]
emission profiles are affected by extinction. If we assume that
the [O iii] emission features originate in a thin spherical shell
(Borguet et al. 2012a, and see an example in figure 6), the
extinction would mostly affect the red-shifted portion of the
emission (e.g., Zakamska et al. 2016; Perrotta et al. 2019).
Therefore, we estimate the luminosity of the [O iii] emission
(L[OIII]) by the blue-shifted portion of the emission profile
and normalize it by the bolometric luminosity of the quasar
(Lbol, see table 2 in Xu et al. 2019a). These values and the
corresponding errors are shown in part (d) of table 2. In
the top panel of figure 3, we show the derived L[OIII]/Lbol
versus ne for the BAL outflow in the same object. Each ob-
ject’s value and the corresponding errors are shown as the
colored labels. Similarly, in the bottom panel of figure 3, we
show L[OIII]/Lbol versus R for the BAL outflow in the same
object.
Figure 3 shows two trends: 1) L[OIII]/Lbol tends to de-
crease with increasing ne (top panel) and 2) L[OIII]/Lbol
also tends to increase with increasing R (bottom panel),
where R is derived from ne using equation 3. The BAL out-
flow in quasar SDSS J1135+1615 has a lower limit on ne
(> 105.4 cm−3, and is consistent with arbitrarily higher ne)
and therefore an upper limit on R ( < 40 pc). The observed
L[OIII]/Lbol for quasar SDSS J1135+1615 is the smallest
compared to the ones in the other objects. In contrast, the
BAL outflow in quasar SDSS J0825+0740 has the smallest
ne (103.2 cm−3) and the largest R (3.9 kpc) with the highest
L[OIII]/Lbol. The observed trends suggest the BAL-derived
densities apply to the [O iii]-emitting region. Therefore, the
anti-correlation between ne and [O iii] luminosity would be
indicative of collisional suppression of [O iii] at highest ne
and smallest R.
4.3 Velocity Widths Comparison
In the top panel of figure 4, we compare the widths between
the outflows obtained from each quasar, i.e., [O iii] emission
outflow’s width (W[OIII]) indicated by w90 and BAL out-
flow’s width (WCIV) measured for continuous C iv absorp-
tion below the normalized flux I = 0.9. The seven objects
in our sample are shown in colored labels with the corre-
sponding errors (the same color patterns as figure 3). The
solid red line indicates the positions where W[OIII] = WCIV.
Based on the assumed geometry in figure 6, the observed
[O iii] emission could originate from different places. There-
fore, there are two main contributions to W[OIII]: 1) the
angle between the radial velocity of the outflowing gas and
the line-of-sight (LOS) direction, 2) the velocity distribution
within the outflowing gas which emits [O iii]. For WCIV, the
observed absorption troughs are formed within the LOS, and
therefore, the velocity distribution of the outflowing gas is
the main contribution.
From our sample, the relationship between W[OIII] and
WCIV is unclear, but these two widths in the same object
are similar (within a factor of 3). Four objects show higher
W[OIII] than WCIV (top panel of figure 4). The two ob-
jects which have lower W[OIII] than WCIV are quasar SDSS
J0941+1331 (blue) and SDSS J1135+1615 (orange), where
their W[OIII] have large error bars. The p value (Pks) from
the KolmogorovaˆA˘S¸Smirnov (KS) test between W[OIII] and
WCIV is 0.42. This large Pks value indicates that the the dis-
tributions of W[OIII] and WCIV are consistent with being
drawn from the same population.
4.4 Radial Velocities Comparison
We estimate the radial velocity of the outflowing gas
(vr) with the observed velocity profiles following the same
methodology described in section 4.2 of Zakamska et al.
(2016). As discussed in section 4.2, the strong blue asymme-
tries in most of the observed [O iii] emission profiles suggest
that they are affected by extinction. We assume that 1) the
extinction mostly affects the redshifted portion of the [O iii]
emission profile, 2) the [O iii] outflow has a radial velocity
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distribution, f (v1,r)dv1,r, where f (v1,r) is proportional to the
luminosity emitted by the [O iii] gas with velocities between
v1,r and v1,r + dv1,r, and 3) the [O iii] outflow has spheri-
cal symmetry in the hemisphere towards the observer (e.g.,
Perrotta et al. 2019). Under these assumptions, regardless
of the form of f (v1,r), we have (Zakamska et al. 2016):
〈
v1,r
〉
= 2
〈 |v1,z |〉 (6)
where 〈v1,r〉 is the mean radial velocity of the [O iii] emission
outflow, and 〈|v1,z |〉 is the flux-weighted average of the ob-
served LOS velocity of [O iii], v1,z, on the blushifted portion
of the emission profile, i.e.,
〈|v1,z |〉 =

∫ 0
−∞ v1,z × F(v1,z)dv1,z∫ 0
−∞ F(v1,z)dv1,z
 (7)
where F(v1,z) is the observed flux at velocity v1,z. Once we
calculate 〈|v1,z |〉, we double the value and treat it as 〈v1,r〉.
Since obscuration more strongly affects streamlines which
are further away from the LOS, the flux from streamlines
which are close to parallel to the sky may be underesti-
mated. Thus, 〈v1,r〉 estimated here is likely biased toward
larger values (Zakamska et al. 2016).
For the observed BAL outflows in our sample, since we
measure them directly along the LOS, we have the mean
radial velocity of the BAL outflow, i.e., 〈v2,r〉, equals their
mean LOS velocity, i.e., 〈|v2,z |〉. Moreover, 〈|v2,z |〉 can be cal-
culated similarly as equation (7) with:
〈|v2,z |〉 = 
∫
v2,z × τ(v2,z)dv2,z∫
τ(v2,z)dv2,z
 (8)
where τ(v2,z) is the optical depth of the absorption trough at
velocity v2,z and the integration range is the whole observed
C iv absorption trough. We show in the bottom panel of
figure 4 the comparison between the calculated 〈vr〉 of the
emission and absorption outflows in our sample. Six out of
the seven objects have larger 〈vr〉 in the observed C iv out-
flow than the [O iii] outflow, i.e., 〈v2,r〉 ≥ 〈v1,r〉. Taking into
account the fact that 〈v1,r〉 is likely biased toward higher
values, we conclude that most of the observed BAL outflows
have larger mean radial velocities than the [O iii] emission
outflows.
This observation is consistent with our assumed geom-
etry in figure 6. The BAL outflows will show the highest
radial velocity (i.e., v2,r). The [O iii] emission can arise from
several places on the shell with the observed radial veloc-
ity v2,r ≥ v1,r ≥ 0 due to orientation effects. The Pks value
between 〈v2,z〉 and 〈v1,z〉 is 0.88. Similar to section 4.3, this
large Pks value supports the null hypothesis of KS test, i.e.,
the distributions of 〈v1,z〉 and 〈v2,z〉 are consistent with being
drawn from the same population.
4.5 Notes on Individual Objects
• Quasar SDSS J0825+0740 has a “red-shifted” Si iv absorp-
tion troughs (see figure 1). The redshift of this quasar (z =
2.204) is derived from the Mg ii λ2800 emission line. From
Xu et al. (2019a), the Si iv outflow centered at +395 km
s−1 shows absorption troughs from multiple doublet transi-
tions, e.g., C iv λλ1548.19, 1550.77, Nv λλ1238.82, 1242.80,
Ovi λλ1031.93, 1037.62, and Si iv λλ1393.75, 1402.77, and
excited transitions from S iv* λ1072.97. Therefore, it is sug-
gested to be a “red-shifted” quasar outflow instead of an
intervening system (e.g., Hall et al. 2013; Reis et al. 2018;
Zhou et al. 2019).
• Quasar SDSS J1135+1615’s BAL outflow has a lower limit
on ne, i.e., log(ne) > 5.4 cm−3, and therefore, an upper limit
of R < 40 pc (Xu et al. 2019a). For the Hβ + [O iii] re-
gion, contaminations from atmospheric water absorptions
and instrumental artifacts exist. However, we still observed
a moderate amount of the [O iii] emission (4950 – 5000 A˚
rest-frame, see figure A3). The derived [O iii] parameters
from this object have large error bars (see table 2).
• Quasar SDSS J1512+1119 shows a high-density BAL out-
flow, i.e., log(ne) = 5.4+2.7−0.6 cm
−3, with R = 10 – 300 pc
(Borguet et al. 2012b). In this case, if the [O iii] emission
features have similar physical parameters (ne and R) as the
observed BAL outflows, we do not expect to observe strong
[O iii] emission. However, we observe strong, narrow, and
symmetric [O iii] emission features (see figure figure A2).
This is not surprising since Zakamska & Greene (2014) found
that broader Gaussian components of [O iii] emission fea-
tures are the ones that tend to be more asymmetric relative
to the narrow ones (see their section 3.2). The absence of
the broader component of [O iii] emission in quasar SDSS
J1512+1119 is consistent with the fact that the high ne de-
rived from the BAL outflows in this object produces minimal
asymmetric [O iii] emission.
4.6 Summary of the Relationships Between the
Absorption and Emission Outflows
To summarize, we find the following relationships between
[O iii] emission outflows and BAL outflows:
1. In our sample, the observed normalized luminosity
of [O iii] (L[OIII]/Lbol) is inversely proportional to the ne
derived from the BAL outflow in the same object. Similarly,
L[OIII]/Lbol is proportional to R from the BAL outflow in
the same object (section 4.2).
2. The measured velocity widths from the [O iii] emis-
sion feature and the C iv absorption feature in the same
object are similar (within a factor of 3, section 4.3).
3. The mean radial velocity derived from most BAL out-
flows is larger than the one from the [O iii] emission outflow
in the same object (by a factor of 1 to 3, section 4.4). A
KS test shows that the distributions of the [O iii] and C iv
radial velocities are consistent with being drawn from the
same population.
4. The unique pattern in quasar SDSS J1512+1119
supports the claim that it is the broad component of the
[O iii] emission that connects more to the BAL outflows,
instead of the narrow component.
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Figure 5. [O iii] kinematics as a function of the quasar’s mid-infrared luminosities (Left) and [O iii] luminosities (Right). The width
of [O iii] emission feature (W[OIII]) is measured by w90, see section 3.2.2). The objects in our sample are shown as the red circles. We
compare with several quasar samples, including 28 extreme red quasars (ERQs) or “ERQ-like” quasars in light-blue diamonds (Perrotta
et al. 2019), four objects from a optical+near-infrared selected ERQ sample shown as the orange diamonds (Ross et al. 2015; Zakamska
et al. 2016); X-ray selected obscured quasars in green diamonds (Brusa et al. 2015); infrared-selected red quasars shown as blue diamonds
(Urrutia et al. 2012), and submillimeter-selected active galaxies shown as magenta diamonds (Harrison et al. 2012). In both panels, the
solid lines are the best-fitting relations between the [O iii] kinematics and luminosities reported in section 4.1 of Zakamska et al. (2016).
Simliar to figure 3, the Pearson correlation coefficient (PCC) between the x- and y-values is shown at the bottom-right corner of each
plot. See discussion in section 5.1.
5 DISCUSSIONS
5.1 [O iii] Properties and Comparisons to Other
Samples
As shown in section 1, strong and blue-shifted [O iii] emis-
sion features in quasars, indicating high-velocity outflows,
have been reported in the literature (e.g., Zakamska &
Greene 2014; Brusa et al. 2015; Perrotta et al. 2019; Perna
et al. 2019). Here we compare the observed [O iii] emission
features in our sample to previous studies.
In figure 5, we plot the kinematics of [O iii] (W[OIII],
measured by w90) as a function of the quasar’s mid-infrared
luminosity (left panel) and the [O iii] luminosity (right
panel). The objects from our sample are shown as red circles.
The comparison samples are shown as colored diamonds.
We estimate the mid-infrared luminosities at the 5 µm rest-
frame following similar method described in Zakamska et
al. (2016), i.e., a power-law that interpolates the closest ob-
served near-infrared flux to the 5 µm rest-frame assuming
Lλ ∼ λ−0.65 (from the quasar spectral energy distribution in
Polletta et al. 2007).
In figure 5, it is clear that most of our objects have a
higher W[OIII] than other samples (in green, blue, and ma-
genta) and are comparable to those of the ERQs (in orange
and light blue). A KS test of W[OIII] from our sample and
Perrotta et al. (2019) yields that Pks = 0.38, which means
the distributions of the two set of W[OIII] are consistent with
being selected from the same population. The objects in our
sample are selected by their BAL outflow features with high
luminosity, while the ERQs are selected based on their ex-
treme infrared-to-optical or red-to-blue ratios (e.g., section
2 of Zakamska et al. 2016). The selection criteria of our BAL
samples, even though quite different from the ERQs, clearly
select objects with high [O iii] widths. One possibility is that
all quasars have BAL outflows, but those actually seen with
BAL features are more likely to have [OIII] face-on. Another
possibility is that only some quasars have BAL outflows and
those are also more likely to have wide [OIII] outflows.
In the left panel, combined with all previous studies, we
observe a strong correlation between the [O iii] kinematics
and the quasar’s mid-infrared luminosities (see e.g., Zakam-
ska & Greene 2014; Zakamska et al. 2016; Perrotta et al.
2019). In the right panel, the observed [O iii] luminosities
for the objects in our sample are among the largest. This is
not surprising since our BAL samples are selected with high
bolometric luminosity (Lbol & 1047 erg s−1, and see table 2).
5.2 Possible Geometry For the BAL and Emission
Outflows
A possible geometry for the two types of outflows is shown
in figure 6. We assume that the outflowing material is a thin
spherical shell (∆ R  R, see Arav et al. 2013), which covers
a portion of the full solid angle around the quasar (blue cir-
cles). The line-of-sight (LOS) material creates the observed
BAL outflows (blue solid lines). The material in all direc-
tions with suitable physical conditions (i.e., relatively low ne
and warm (T ∼ 104 K) cloud, Zakamska et al. 2016) creates
the observed [O iii] emission profiles with a spread of veloci-
ties due to orientation effects. The green arrows indicate the
outflows radial velocity directions. We show the spectra of
SDSS J0046+0104 as an example, where we adopted three
Gaussians to fit its [O iii] λ5007 profiles (c1, c2, and c3, see
table 2). These three velocity components of [O iii] would
originate from three different regions with different angles
to the LOS.
MNRAS 000, 1–15 (2019)
12 Xu et al.
ΔR	
R	
VLT	
Si IV	
C3	
C2	
C1	
QSO	
L.O.S	
C3	 C2	 C1	
22	
Rear side  
(obscured)	
Figure 6. Sketch of a possible geometry where the same quasar
outflow produces both a BAL and a blueshifted [OIII] emission
signatures. BAL outflows are know to have small thickness (∆R/R
 1, e.g., Arav et al. 2013). For simplicity, we assume that the
outflow is in form of a thin spherical shell, moving with velocity
v0. In this geometry, the BAL will show the highest radial velocity,
while the [O iii] emission can arise from several places on the shell
with v0 > v[OIII] > 0 as is the observed case. See section 5.2 for
details.
5.3 Physical Size of the [O iii] Emission Region
Following equation (6) in Zakamska et al. (2016), the min-
imum size of [O iii]-emitting region, Rs, can be estimated
as:
Rs =0.5 kpc
×
(
νLν[1450 A˚]
1047 erg s−1
)1/2 (
nH
8 × 105cm−3
)−1/2 ( UH
0.003
)−1/2
(9)
where νLν [1450 A˚] is the quasar’s luminosity at 1450 A˚
(rest-frame), nH is the outflow’s hydrogen number density,
and UH is the outflow’s ionization parameter [see equation
(1)].
In our sample, the previously calculated densities and
sizes of the BAL outflows are strongly correlated with the
[O iii] luminosity (section 4). The sense of the correlation is
expected from the physics of the [O iii] transition: those ob-
jects which have higher density/more compact BAL outflows
appear to have a greater effect of collisional de-ionization
and a lower [O iii] luminosity. Moreover, we show in section
4.2 that the observed BAL outflows and the [O iii] emission
outflows have similar kinematics (i.e., w90 and vmed). These
findings support the view that the observed emission and
absorption outflows in the same object are associated with
the same material (a possible geometry is shown in figure
6). Therefore, we have a physical motivation to assume that
the gas emitting the [O iii] has similar UH and ne to the BAL
outflows in the same object.
Adopting these values into equation (9), we calculate
Rs for the objects in our sample (see part (d) of table 2),
which is in the range of 0.02 – 1.60 kpc. The black hole
masses for the objects in our sample are reported in table
2 of Xu et al. (2019a) and are in the range of 108.8 – 109
M. This leads to a broad line region size . 0.004 kpc (e.g.,
Kaspi et al. 2005; Zakamska et al. 2016), which is much
smaller than the derived Rs values. The combination of BAL
Table 3. Physical Properties of the [O iii] Emission Outflows
Object name F[O iii]
(1)
mod
log(L[O iii]
(2)
obs
) S([O iii](3)) Ω([O iii](4)
(erg s−1 cm−2) log(erg s−1) (cm2) (%)
J0046+0104 11 43.85 6.1E42 3.6
J0825+0740 0.5 43.86 1.6E44 8.7
J0831+0354 820 43.66 5.6E40 3.8
J0941+1331 190 43.22 8.7E40 1.8
J1111+1437 14 43.71 3.7E42 4.0
J1135+1615 7300 43.32 2.8E39 1.5
J1512+1119 2100 44.26 8.6E40 3.0
Note. –
(1): Model predicted flux of the [O iii] emission from the best
fitting photoionization solutions and ne of the BAL outflows
(section 5.4).
(2): Observed luminosity of [O iii] measured from the
blue-shifted portion of the modeled [O iii] λ5007 emission
profiles (section 4.2)
(3): Total illuminating area of the [O iii] emission region.
(4): Global covering factor for the [O iii] emission region .
and [O iii] analysis provide new estimates of the sizes of the
[O iii]-emitting region in quasars with high-velocity outflows
(thousands of km s−1). The derived Rs values are consistent
with IFU observations of [O iii] emission regions (e.g., up
to 3 kpc from Liu et al. 2013a,b). These estimates can be
tested with upcoming James Webb Space Telescope (JWST)
observations (Gardner et al. 2006).
5.4 Global Covering Factor of the [O iii] Emission
Outflows
The global covering factor of the observed [O iii] emission
outflow, i.e., the portion of the full solid angle the [O iii]
emission region covers the central source, can be estimated
adopting the same methodology in section 5.2 of Tian et
al. (2019). As stated in section 5.3, we assume that within
the same quasar, the [O iii] emission outflow has the same
photoionization solutions (i.e., UH and NH) and ne as the
BAL outflow. We run the spectral synthesis code Cloudy
[version c17.00, Ferland et al. (2017)] to predict the expected
flux of the [O iii] λ5007 emission emanating from the outflow
(F[O iii]mod, shown in the second column of table 3). The
observed luminosity of [O iii] λ5007 (L[O iii]obs) is shown in
the third column of table 3. Since the [O iii] emission may be
affected by extinction, these L[O iii]obs values are likely to
be underestimated. The total illuminating area of the [O iii]
emission region is then:
S[O III] = L[O III]obs/F[O III]mod (10)
The corresponding global covering factor for the [O iii]
emission region is in the form of:
Ω[O III] = S[O III]/4piR2 (11)
where R is the [O iii] emission outflow’s distance from the
central source, and we assume the same distance as the BAL
outflow from the same object. We show the derived Ω([O iii])
in the fifth column of table 3, which is in the range of 1.5%
– 8.7%. This Ω([O iii]) range is consistent with the one de-
rived in Tian et al. (2019) (∼4%), in Baskin & Laor (2005)
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(2% – 20%), and in Dempsey & Zakamska (2018) (< 50%).
For BAL outflows, this Ω([O iii]) range is smaller than the
global covering factor reported for C iv absorption outflows
(Ω(C iv) = 20%, e.g., Hewett & Foltz 2003; Dai et al. 2008,
2012; Gibson et al. 2009; Allen et al. 2011), but is similar to
that of S iv absorption outflows (Borguet et al. 2013, Ω(S iv)
= 8%).
Overall, for all seven quasars in our sample, we find
the photoionization solutions and ne derived from the BAL
outflows can produce the observed amount of L[O iii] for
the same object with only 1 free parameter [i.e., Ω([O iii])],
while Ω([O iii]) is similar for all objects within a factor of 6.
This strengthen the idea that the gas emitting the [O iii] has
similar UH and ne to the BAL outflows in the same object.
6 SUMMARY
We present an analysis of 7 BAL/mini-BAL quasar from
VLT/X-Shooter observations. These quasars exhibit both
absorption and emission outflow features. We present a
study of the relationships between these features, and the
main results are summarized as follows:
1. For the observed BAL or mini-BAL outflows, we
measured physical parameters, such as density, ionization,
and distance from the central source. We detect broad and
blueshifted [O iii] emission in 6 out of the 7 objects, which
are evidence for emission outflows (section 3).
2. There is a clear trend that the luminosity of the [O iii]
λ5007 emission profile decreases with increasing ne of the
BAL outflow in the same object (section 4.2). The measured
velocity widths from the [O iii] emission features and C iv
absorption troughs in the same object are similar (section
4.3), and the mean radial velocity derived from the BAL
outflow is moderately larger than the one from the [O iii]
emission outflow (section 4.4). Based on these similarities,
we have a physical motivation to assume that the gas emit-
ting the [O iii] has similar UH and ne to the BAL outflows
in the same object.
3. Comparisons to previous studies show that the ob-
jects in our sample exhibit broad [O iii] emission features
similar to the ones in extremely red quasars (selected by
extreme infrared-to-optical ratios). Both selection criteria,
even though quite different, clearly select objects with high
[O iii] widths and luminosities (section 5.1).
4. By assuming that for the same quasar, the emission
outflow has similar physical parameters as the BAL outflow,
we constrain the [O iii] emission region’s global covering fac-
tor in the range of 1.5% – 8.7%, which is consistent with the
ones in the literature (section 5.4).
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APPENDIX A: FITS OF THE OTHER
OBJECTS IN THE SAMPLE
Here are the fits to the other 6 objects in the sample.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. The best fitting Fe ii templates for the other 6 objects in our sample. Fe ii emission profiles are divided into four groups,
and are plotted in different colors (see section 3.1 for details). The continuum levels are the same as the ones in figure 1 and are shown
as the black solid lines. The overall Fe ii models created by summing all four groups are shown as solid red lines. The blue dotted lines
(left to right) indicate the expected wavelength locations of Hβ, [O iii] λ4959, and [O iii] λ5007 in the quasar’s rest-frame, respectively.
Atmospheric absorption features exist at . 15,000 A˚ in the observed-frame.
MNRAS 000, 1–15 (2019)
Evidence that Emission and Absorption Outflows in Quasars Are Related 17
Figure A2. The fits to the Hβ + [O iii] emission region (Left) and the extracted [O iii] λ5007 emission profile (Right). The patterns
are the same as figures 2.
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Figure A3. Same as figure A2.
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